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Hydrodynamics of complex fluids with multiple order parameters is governed by a set of dynamic
equations with many material constants, of which only some are easily measurable. We present a unique
example of a dynamic magneto-optic coupling in a ferromagnetic nematic liquid, in which long-range
orientational order of liquid crystalline molecules is accompanied by long-range magnetic order of magnetic
nanoplatelets. We investigate the dynamics of the magneto-optic response experimentally and theoretically
and find out that it is significantly affected by the dissipative dynamic cross-coupling between the nematic and
magnetic order parameters. The cross-coupling coefficient determined by fitting the experimental results with
a macroscopic theory is of the same order of magnitude as the dissipative coefficient (rotational viscosity) that

governs the reorientation of pure liquid crystals.
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Fluids with an apolar nematic orientational ordering—
nematic liquid crystals (NLCs)—are well known and under-
stood, with properties useful for different types of applications
[1]. As a contrast, the possible existence of fluids with a polar
orientational order, thus of a lower symmetry than NLCs, has
always been intriguing. An electrically polar nematic liquid
was theoretically discussed [2] as early as the 1910s, but such
a phase has never been observed. Similarly, vectorial mag-
netic ordering, i.e., ferromagnetism, is a phenomenon that
occurs in solids and has been for the longest time considered
hardly compatible with the liquid state.

Quite recently, however, ferromagnetic NLCs have been
realized in suspensions of magnetic nanoplatelets in NLCs
[3-5] and their macroscopic static properties were charac-
terized in detail [6]. These systems possess two order
parameters giving rise to two preferred directions—the
nematic director n (denoting the average orientation of liquid
crystalline molecules) and the spontaneous magnetization M
(describing the density of magnetic moments of the nano-
platelets)—that are coupled statically as well as dynamically.
As a consequence, optical and magnetic responses are
coupled in these materials, which makes them particularly
interesting in the multiferroic context: optical properties can
be manipulated with a weak external magnetic field (a strong
magneto-optic effect) and, conversely, the spontaneous mag-
netization can be reoriented by an external electric field (the
converse magnetoelectric effect). Note that subjecting the
liquid crystal to an external electric field is the usual means of
controlling the nematic director in optical applications.

The search for a ferromagnetic nematic phase started when
Brochard and de Gennes [7] suggested and discussed a
ferromagnetic nematic phase combining the long-range
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nematic orientational order with long-range ferromagnetic
order in a fluid system. The synthesis and experimental
characterization of ferronematics and ferrocholesterics, a
combination of low-molecular-weight NLCs with magnetic
liquids leading to a superparamagnetic phase, started immedi-
ately and continued thereafter [8—13] (also compare Ref. [14]
for a recent review). These studies were making use of
ferrofluids or magnetorheological fluids (colloidal suspen-
sions of magnetic particles) [15]; their experimental proper-
ties [15,16] have been studied extensively in modeling [17—
23] using predominantly macroscopic descriptions [17-22].

On the theoretical side, the macroscopic dynamics of
ferronematics was given first for a relaxed magnetization
[24] followed by taking into account the magnetization as a
dynamic degree of freedom [25] as well as incorporating
chirality effects leading to ferrocholesterics [26]. In paral-
lel, a Landau description including nematic as well as
ferromagnetic order has been presented [27].

In this Letter we describe experimentally and theoretically
the dynamic properties of ferromagnetic NLCs, focusing on
the coupled evolution of the magnetization and the director
fields actuated by an external magnetic field. The dynamic
coupling between M and n has been a complete blank to this
day. It has been known that it is allowed by symmetry and
the rules of linear irreversible thermodynamics, and was cast
in a definite form theoretically [25] as a prediction. Here we
demonstrate that these coupling terms influence decisively
the dynamics. Quantitative agreement between the exper-
imental results and the model is reached and a dissipative
cross-coupling coefficient between the magnetization and
the director is accurately evaluated. It is shown that this
cross-coupling is crucial to account for the experimental
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FIG. 1. Sketch of the experimental setup and definition of
coordinate axes. The thick yellow arrows indicate the direction
of the light passing through the polarizer and the analyzer. In the
absence of an applied magnetic field (H, z direction), the
equilibrium director (n) and magnetization (M) fields are only
slightly pretilted from the x direction. Inset: Distortion of the
NLC director (ellipsoids, schematic) prevents flocculation of the
suspended nanoplatelets carrying a magnetic moment p,, parallel
to n in equilibrium.

results, thus underscoring the importance of such cross-
coupling effects in this recent soft matter system.

The suspension of magnetic nanoplatelets in the NLC
pentylcyanobiphenyl (5CB, Nematel) was prepared as
described in Ref. [6]. The magnetic platelets with an
average diameter of 70 nm and thickness of 5 nm, made
of barium hexaferrite doped with scandium, were covered
by the surfactant dodecylbenzenesulphonic acid (DBSA).
The surfactant induced perpendicular anchoring of
5CB molecules on the platelet surface leading to parallel
orientation of the platelet magnetic moments and
the nematic director, Fig. 1 (inset). The volume concen-
tration of the platelets in SCB, determined by measuring the
saturated magnetization of the suspension, was ~3 x 1074,
which corresponds to the magnetization magnitude of
M,y ~ 50 A/m. The suspension was put in a liquid crystal
cell with thickness d ~ 20 pym, inducing planar homo-
geneous orientation of n along the rubbing direction x,
Fig. 1. During the filling process a magnetic field (not
shown) of 8 mT was applied in the direction of the rubbing,
so that a magnetic monodomain sample was obtained. In
the absence of an external magnetic field the spontaneous
magnetization M was parallel to n.

The suspension exhibits a strong magneto-optic effect.
For example, when a magnetic field H is applied perpen-
dicularly to M (z direction) it exerts a torque on the
magnetic moments, i.e., on the platelets, and causes their
reorientation. Because the orientations of the platelets and
the director are coupled through the anchoring of the NLC
molecules on the platelet’s surface, n also reorients, which
is observed as an optic response. In Fig. 2 (left) the
response of M and n is shown schematically. Note the
small angle between M and n in equilibrium.

The reorientation of n is detected optically by measuring
the phase difference ¢ between transmitted extraordinary

FIG. 2. Left: Response of the magnetization (red arrows) and
the director (ellipsoids) to the external magnetic field H applied
in the z direction. Right: Equilibrium normalized phase differ-
ence r(H) as a function of the magnetic field yyH, fitted by the
static model.

and ordinary light [6], Fig. 1. The normalized phase
difference r(H) =1—¢(H)/¢py, where ¢, is the phase
difference at zero magnetic field, is shown in Fig. 2 (right)
as a function of the applied magnetic field. While in
ordinary nonpolar NLCs a finite threshold field needs to
be exceeded to observe a response to the external field, in
the ferromagnetic case the response is thresholdless.

The static response was quantitatively studied in
Ref. [6]. Here we focus on the dynamics of the response.
Figure 3 (top) shows two examples of the measured time
dependence of the normalized phase difference r(H). The
time dependences of r(H) acquired systematically for
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FIG. 3. Top: Time evolution of the normalized phase difference
r(H) fitted by the dynamic model Egs. (2)-(11). The linear-
quadratic onset of r(H) is in accord with the analytic result given
in Eq. (13). Bottom: The corresponding theoretical time evolution
of M,/M,, initially growing linearly as expected analytically.
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several field strengths were fitted by a squared sigmoidal

function,
1+C 2
H=<=Cc(1- , 1
) < 1+ Cexp(—Zt/r)) (m)
to obtain the characteristic switching time <(H).

Remarkably, its inverse shows a linear dependence on
H, Fig. 4. Considering only a static (energetic) coupling
between M and n one would expect that 1/7(H) saturates
already at low fields as the transient angle between M and n
gets larger.

In a minimal theoretical model we include the magneti-
zation field M(r) and the director field n(r) and focus on
the essential ingredients of their dynamics necessary to
capture the experimental results. For a complete set of
macroscopic dynamic equations for ferronematics, we refer
to Ref. [25], and for ferromagnetic NLCs, to Ref. [28].

The statics is described by a free-energy density
f(M,n, Vn),

1 1
f=-uM-H _EAI(M -n)? +§A2(|M| - M)+ f*,
(2)

where o is the magnetic constant, H = Hé, is the
homogeneous magnetic field fixed externally (since
H > M), A;, >0 will be assumed constant, and the
Frank elastic energy of director distortions is [29]

f* =3 Ki(9 ) 43 Kol (V xn)P?

+%K3[n « (V x )2, 3)

with positive elastic constants for splay (K;), twist (K>),
and bend (K3). To a good approximation, one can assume
that |M| = M,. We will, however, allow for small varia-
tions of |M| (large A,), which is physically sound and
technically convenient.
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FIG. 4. The inverse of the switching time, 1/7(H ), as a function
of the magnetic field pyH, extracted from the experimental data
and the theoretical results using the fitting function Eq. (1).
Without the dynamic cross-coupling, 1/7(H) saturates already at
low fields (dashed line).

At the cell plates, the director is anchored with a finite
surface anchoring energy [30], 5 = —1W(ng - n)?, where
W is the anchoring strength and ng = €_ sin ¢, + €, cos ¢,
is the preferred direction specified by the director pretilt
angle ;.

The total free energy is F = [ fdV + [ f5dS, and the
equilibrium condition requires 6F = 0.

The dynamics is governed by the balance equations
[25,31],

M; + Xk +xP =0, (4)
i+ YE+YP =0, ()

where the quasicurrents have been split into reversible
(XR, YR) and irreversible, dissipative (X?, Y?) parts. The
reversible (dissipative) parts have the same (opposite)
behavior under time reversal as the time derivatives of
the corresponding variables; i.e., Eqs. (4) and (5) are
invariant under time reversal if and only if dissipative
quasicurrents are zero.

The quasicurrents are expressed as linear combinations
of conjugate quantities (thermodynamic forces), which in
our case are the molecular fields

of of

M — _

hi SM; oM, (6)
; Sf af

where ®@;; = 9f/0(9;n;) and & = 5 — n;n; projects
onto the plane perpendicular to the director owing to the
constraint n> = 1. These molecular fields can be viewed as
exerting torques on M and n. In equilibrium they are zero,
yielding the static solutions for M and n, Fig. 2. When they
are nonzero, they generate quasicurrents, which drive the
dynamics through Eqs. (4) and (5). If there is no dynamic
cross-coupling, h™ drives the dynamics of M and h” drives
the dynamics of n. In Fig. 4, 1/7(H) for this case is shown
as the dashed line. The clear deviation from the experi-
ments indicates the importance of the dynamic cross-
coupling.

We will focus on the dissipative quasicurrents as they
have a direct relevance for the explanation of the exper-
imental results discussed. The dissipative quasicurrents
read [25]

XP = bihl + x5y, (8)
vy = y—llh? +ah)' (9)
where
xh =P8 Mn; + x5 55Mny, (10)
bg :bﬁ)n,-nj—i—bf@#, (11)
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and we will everywhere disregard the biaxiality of the
material tensors that takes place when n }f M. We speculate
that a possible origin of this dissipative dynamic coupling
between M and n is a microscopic fluid flow localized in
the vicinity of the rotating magnetic platelets.

The system Eqgs. (4) and (5) is discretized in the z
direction and solved numerically. By fitting the static data
to the model, Fig. 2 (right), we extract the values for the
anchoring strength W ~ 2.3 x 107° J/m?, the pretilt angle
@, ~0.05, and the static magnetic coupling coefficient
A ~ 130u,. The agreement between the static experimen-
tal data and the model underscores that we have solid
ground for the analysis of the dynamics.

In Fig. 3 (top) the measured time dependence of the
normalized phase difference r(H) is compared [6] to the
model for two rather distinct values of the magnetic field.
The fits are performed by varying the values of the dynamic
parameters subject to stability restrictions, while keeping
the values of W, ¢,, and A, fixed as determined from
the statics. The model captures the dynamics very well for
all times from the onset to the saturation. The extracted
values of the dynamic parameters are y; ~0.03 Pas,
b? ~78 x10* Am/Vs?, and yP ~23(Pas)™!, which
safely meets the positivity condition of the entropy pro-
duction [y?| < \/b?/(yM3) ~ 32 (Pas)~!. The remain-
ing two dynamic parameters do not affect the dynamics
significantly and are set to b = b” and y7 = 0.

Figure. 3 (bottom) shows the corresponding theoretical
time dependence of the normalized 7 component of the
magnetization, which is not measured due to insufficient
time resolution of the vibrating sample magnetometer [6]
(LakeShore 7400 Series VSM, several seconds are required
for ambient magnetic noise averaging).

Initially, n is homogeneous and aligned with M, such
that h” is zero and the director dynamics in Eq. (9) is due
to h™ alone. For small times when M and n are only
slightly pretilted from the x direction, it thus follows from
Egs. (5) and (9) that

n,(t) = @5 + x¥ MopoHt, (12)
and hence [6],
noe(Npe + 1
r() = "0 10N [ DA g P+ 2D Moo
0
=k’ + pt, (13)

which is also revealed by Fig. 3 (top, inset); nj and n, are
the ordinary and the extraordinary refractive indices. In
principle, k> contains a small static coupling (A ;) correction
linear in the pretilt, which is, however, within the error
margin and is neglected. The initial dynamics of the
director and the behavior of r(H) are thus governed by
the dissipative dynamic cross-coupling between director
and magnetization, Eq. (9), described by the parameter x2.
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FIG. 5. The coefficients k and p (inset) of Eq. (13) as functions

of uyH, extracted from the initial stage r(H) measurements by the
straight line fits.

Fitting Eq. (13) to the initial time evolution of
measured normalized phase differences for several values
of the magnetic field yyH, we determine the parameters
k and p, Fig. 5, and extract therefrom values of the
dissipative magnetization-director coupling parameter
25 ~ (21 +2) (Pas)™! and the pretilt ¢, ~ 0.05 £ 0.03.

The best match of 1/7(H), Fig. 4, extracted from the
experimental data and the model via Eq. (1), allows for a
robust evaluation of the dissipative magnetization-director
coupling parameter: y? = (23 +£2) (Pas)~!. The theoreti-
cal results confirm that the linear shape of 1/7(H) is due
precisely to this dissipative cross-coupling and would not
take place if only the static coupling [the A; term in Eq. (2)]
were at work, as demonstrated in Fig. 4 (dashed curve).

The coupling of M and n to flow was not taken into
account. As flow is generated by gradients (i.e., divergence
of the stress tensor), starting with a homogeneous con-
figuration it is absent initially. To lowest order, Eq. (12) is
thus unaffected by the flow coupling, irrespective of its
details. Moreover, in ordinary NLCs the small backflow
effect makes the response a little faster [32]. In a ferro-
magnetic NLC, additional couplings to the velocity field
are possible. Nevertheless, the match of y2 extracted from
the initial (where flow is absent) and the overall dynamics
speaks for only a minor flow coupling effect.

In summary, we have presented experimental and theoreti-
cal investigations of the magnetization and director dynamics
in a ferromagnetic liquid crystal. We have demonstrated that a
dissipative cross-coupling between the magnetization and the
director, which has been determined quantitatively, is crucial
to describe the experimental results. Such a coupling arises for
all systems with macroscopic magnetization and director
fields, and its presence dictated by symmetry has been pointed
outbefore for ferronematics. Clearly its strength is expected to
be higher in ferromagnetic systems of the type studied here.
This coupling makes the response of such materials much
faster, which is important for potential applications in mag-
neto-optic devices, e.g., devices for magnetic field visualiza-
tion [33]. Their main advantage compared to existing
techniques is that both the magnitude and the direction of
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the field can be simultaneously visualized. Further possible
applications include remote optical sensing of magnetic fields
and the use of a magnetic field to manipulate complex
(patterned) structures in liquid crystals, e.g., for spatial light
modulation [34,35]. An advantage of the magnetic field is that
itcan be applied in a noncontact way in any direction, whereas
the application of the electric field is limited by the geometry of
the electrodes. The main challenge is to produce a variety of
suspensions with different magnetic and viscoelastic proper-
ties, stable in a wide temperature range.

Wehavelaid here, in a pioneering step, the experimental and
theoretical basis of adynamic description. Naturally toinclude
the coupling to flow is next. First experimental results in this
direction have been described in Ref. [36], where it was shown
that viscous effects can be tuned by an external magnetic field
of about 1072 T by more than a factor of 2, indicating a
potential for applications in the field of smart fluids.

As ferromagnetic NLCs have two order parameters
characterized by the magnetization and the director field,
they offer the possibility to chiralize the material to obtain a
ferromagnetic cholesteric NLC breaking parity and time-
reversal symmetry in a fluid ground state. The formation of
solitons in an unwound ferromagnetic cholesteric NLC has
been recently realized and discussed in Refs. [35,37].
Another promising direction to pursue will be to produce
a liquid crystalline version of uniaxial magnetic gels
[38,39]. Cross-linking a ferromagnetic NLC gives rise to
the possibility to obtain a soft ferromagnetic gel opening
the door to a new class of magnetic complex fluids. This
perspective looks all the more promising since recently
[40,41] important physical properties of magnetic gels such
as nonaffine deformations [40] and buckling of chains of
magnetic particles [41] have been characterized well
experimentally and modeled successfully.
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